Mineral dust aerosols from the Taklimakan desert can be elevated to high altitude and transported long distances, thus affecting the Earth's climate. A numerical simulation was conducted to elucidate the seasonal characteristics of dust elevated from the Taklimakan desert. The global land area was divided into the western (including the Taklimakan desert) and eastern region of China and Mongolia (including the Gobi desert), and the other regions so that the relative contributions of mineral dust from the Taklimakan and Gobi deserts to the global dust budget could be identified.
Introduction
Mineral dust has been recognized as an important component of the Earth's climate system because it affects the radiation budget in several ways: it disturbs the atmospheric energy budget directly by scattering and absorbing the atmospheric radiation (e.g., Sokolik and Toon 1996) and indirectly by acting as cloud condensation nuclei and ice nuclei; it may also impact the carbon cycle and atmospheric CO 2 by depositing iron as a nutrient to the oceanic phytoplankton (e.g., Jickells et al. 2005) .
Asian dust is transported long distances. Previous studies have reported that Asian dust particles were found in an ice core in Greenland (e.g., Biscaye et al. 1997) , and they are transported in the full circle of the Northern Hemisphere according to the analysis of observations by the satellite-borne Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) and to numerical simulations by global aerosol model . The observed Asian dust shows a two-layer vertical structure, i.e., the dust from the Taklimakan desert tends to be transported to the upper troposphere, and dust from the eastern regions of China and Mongolia, including the Gobi desert, is transported in the lower troposphere (e.g., Iwasaka et al. 1983 ). The uplifted Taklimakan dust can form a very thin, veil-structured plume, as was reported by Yumimoto et al. (2009) . The Asian dust events mainly occur in spring, but the Taklimakan dust events have also been observed in summer (Kurosaki and Mikami 2002; Liu et al. 2008; Yumimoto et al. 2010) . These studies suggest that Asian dust aerosols, especially those from the Taklimakan desert, can be transported to the upper troposphere and over long distances and are therefore important due to their potential to act as ice nuclei in the upper troposphere. However, most of the previous studies are case studies of single events. Consequently, the seasonal characteristics of the uplifted Taklimakan dust are not well understood, and it is difficult to distinguish the Taklimakan dust from dust originating from other regions.
In this study, a numerical simulation of the transport of dust aerosols with a global aerosol model was conducted to elucidate the long-range transport of dust aerosols from the Taklimakan desert. The seasonality of the simulated frequency of the Taklimakan dust aerosols was investigated to examine the characteristics of the Taklimakan desert in comparison with dust from the Gobi desert.
Model description
The numerical model used for this study was the Model of Aerosol Species IN the Global AtmospheRe (MASINGAR) (Tanaka and Chiba 2005) , which is a global aerosol model that is online coupled with a general circulation model, MRI/JMA 98 GCM (Shibata et al. 1999) . The model includes advective transport, vertical eddy diffusion, moist convective transport, gravitational settling and the dry and wet scavenging of aerosols. The advective transport is calculated using a three-dimensional semi-Lagrangian advection scheme. The eddy diffusivity for vertical diffusion is calculated using the level-2 turbulence closure scheme of Mellor and Yamada (1974) . The moist convective transport is calculated using the updraft mass flux of the ArakawaSchubert moist convection scheme (Arakawa and Schubert 1974) as in the MRI/JMA 98 GCM. Dry deposition process is parameterized with the resistance-in-series approach (Wesely and Hicks 1977) , which includes turbulent impaction and gravitational settling. In-cloud scavenging is calculated using the scheme of Giorgi and Chameides (1986) , and below-cloud scavenging is calculated based on the theory of Slinn (1984) . Both the dry and wet deposition processes in the model are particle-size dependent.
The dust emission flux is calculated as a function of the friction velocity, based on the saltation-bombardment theory. The threshold friction velocity of the mobilization of soil particles is calculated with the formula of Shao and Lu (2000) with the soil moisture dependence of Fécan et al. (1999) . The horizontal saltation flux of sand particles is calculated with the scheme of Owen (1964) , and the vertical dust flux is calculated based on the energy-based dust emission scheme proposed by Shao et al. (1996) . The dust aerosol is divided into discrete size-classes from 0.2 to 20 μm in diameter, which are transported independently and assumed to be non-interacting. For the sake of reducing computational costs, the dust aerosol was divided into 6 size classes, whereas the original version considered 10 size classes. Tanaka and Chiba (2005) presented a detailed description of the dust aerosol model and its validations with available observations. This model has been used to study the long-range transport of dust aerosols (Tanaka and Chiba 2006) .
Dust source areas are determined by the surface characteristics. The water surface and the ground with the land-use type of broadleaf/coniferous evergreen forest, or the soil type of lithosol are omitted from the dust source region. For the other regions, dust source area is decreased with the snow covered area and the leaf area index designated by the land surface model of the GCM.
Because the Taklimakan desert is surrounded by the complex terrains, simulated dust emission and transport from there are highly sensitive to the grid resolution, and models with coarse
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The annual dust emissions from the TAKLIMAKAN, GOBI and other regions are 185 Tg, 321 Tg and 1783 Tg, respectively. The lifetime of dust particles from the TAKLIMAKAN (2.1 days) is longer than that of the GOBI (1.5 days). The difference in the lifetime of dust particles may be due to the difference of the vertical extent of the upward transport or the probability of removal by precipitation. Dust particles from the other regions have a longer lifetime (2.7 days) than those from the two East Asian dust source regions, most likely because the East Asian dust aerosols frequently encounter cloud cover (Prospero et al. 2002) and are deposited by precipitation more rapidly than in the other regions. Figure 2 displays the simulated average seasonal variation of the emission of dust from the TAKLIMAKAN region. The dust emission activity increases in March, reaches a maximum in April to May and decreases during June to September. The seasonal variation pattern of dust emission is consistent with the observed pattern of dust storm frequency in Taklimakan (Prospero et al. 2002; Kurosaki and Mikami, 2002) . Figure 3 shows the daily global mean concentration of dust aerosols originating from the TAKLIMAKAN and GOBI at the upper troposphere (100 hPa), middle troposphere (500 hPa), and near-ground level. At the ground level, the dust from the GOBI shows a higher concentration than that from the TAKLIMAKAN (Fig. 3c) . However, the concentration of the TAKLIMAKAN dust is as high as that of the GOBI dust in the middle troposphere (Fig.  3b) . At the upper troposphere, the dust from the TAKLIMAKAN shows a higher concentration than that from the GOBI (Fig. 3a) . Figure 4 displays monthly mean vertical profiles of the TAKLI-MAKAN and GOBI dust concentration averaged over northwestern Pacific (20°N−40°N, 150°E−170°E). Over approximately 500 hPa, the concentration of the TAKLIMAKAN dust is apparently higher than that of the GOBI dust, which suggests that the dust from the Taklimakan desert tends to be elevated to a higher layer than that from the Gobi desert.
Vertical structures
As shown in Figs. 3a−3c, the dust aerosols from both the TAKLIMAKAN and GOBI are highly intermittently transported horizontal resolutions cannot reproduce the dust storms in the Taklimakan desert (Tanaka and Chiba 2006) . To represent the topography as realistic as possible for the global simulation, high resolution version of the model with grid resolutions of T106 Gaussian horizontal grid (approximately 1.125° × 1.125°) with 30 vertical layers (from the ground surface to a height of 0.4 hPa) was used. The horizontal wind fields were assimilated with the six-hourly data of the global analysis of Japan Meteorological Agency (GANAL) to obtain a realistic atmospheric field. The sea surface temperature and sea ice data were prescribed by the monthly mean HadISST v1.1 data (Rayner et al. 2003) . We performed a simulation from 1 October 2005 to 31 December 2010 with zero-dust initial condition, and the years 2006 to 2010 were analyzed.
To identify the relative contributions of mineral dust from the Taklimakan and Gobi deserts to the global dust budget, the global land area was divided into three potential dust source regions. In this study, the Chinese and Mongolian region west of 95°E where the Taklimakan desert is included, is denoted as "TAKLI-MAKAN", and the Chinese and Mongolian region east of 95°E where the Gobi desert is included, is denoted as "GOBI." All other regions are denoted as "OTHER". The borders of the source regions are designated in Fig. 1 . Dust emission fluxes from the different source regions were assigned to separate tracers and were transported independently and simultaneously. This treatment enabled us to evaluate dust emission, concentration, and deposition for each source region independently.
Parameterization of the moist convective transport is an important process to uplift the aerosols to the upper troposphere but also a major source of uncertainty in the chemical transport models (e.g., Mahowald et al. 1995) . To elucidate the effect of vertical transport by moist convection, a sensitivity experiment for one year (2007) was performed. In this sensitivity experiment, moist convective transport parameterization with the updraft mass flux was switched off, while the wet deposition with convective precipitation is effective.
Results and discussion
Annual and seasonal global dust budgets
The annually averaged distributions of simulated dust emissions from the TAKLIMAKAN and GOBI regions are illustrated in Fig. 1 , and the simulated annually averaged dust budgets of the regions are listed in Table 1 (see also Fig. S1 in the Supplement for the global distribution of the dust emission and loading). . SOLA, 2012 , Vol. 8, 098−102, doi:10.2151 /sola.2012 to the upper troposphere from March to September. From October to February, the concentrations of dust aerosols from both deserts are not high, even though the concentrations at the ground level reach several hundred μg m −3
. In this simulation, the transport of TAKLIMAKAN dust to the upper troposphere occurred approximately 12 times per year. The simulated results suggest that Taklimakan dust is frequently elevated to the upper troposphere. Figure 5 shows the time series of simulated TAKLIMAKAN dust concentrations with and without moist convective transport. Under 500 hPa, the difference of dust concentrations with and without the convective transport process is small (Fig. 5c) . Figure  5 indicates that higher altitudes result in greater differences in dust concentration with or without convective transport. The difference in dust concentration is greater in summer than in spring, which may reflect the seasonal difference of convective activity. The simulated results suggest that the vertical transport of dust from the Taklimakan desert mainly occurred by large-scale advection from spring to early summer, and that the moist convective transport enhances the elevation of dust to the upper troposphere. Figure 6 shows the horizontal distribution of simulated dust originating from the TAKLIMAKAN region on the upper troposphere (100 hPa) from spring to summer in the Northern Hemisphere. From April to May, the TAKLIMAKAN dust concentrations are high over the Pacific and Atlantic oceans, which suggests that the Taklimakan dust is transported by the westerly wind and is gradually uplifted to the upper troposphere over the ocean. In June, the TAKLIMAKAN dust concentration is very high, not only over the Pacific Ocean but also over the Himalayas, which coincides with the location of the Asian summer monsoon anticyclone. During the summer, the TAKLIMAKAN dust has its peak concentration over the Asian summer anticyclone (approximately 20°N−40°N, 60°E−120°E), and also during this season, the concentration of the TAKLIMAKAN dust is higher than that from the GOBI and the other dust source regions (see Supplement Fig. S2 ).
Role of moist convective transport
Seasonal variation of the horizontal distribution over the upper troposphere
Observational studies have reported that several trace substances were found to have maxima or minima in the Asian summer monsoon anticyclone in the upper troposphere-lower stratosphere (UTLS) in the Northern Hemisphere summer. Park (2007) showed the distributions of persistent maxima in CO and minima in ozone in the anticyclone using the Aura Microwave Limb Sounder, and they discussed its transport by convection associated with the Asian monsoon, which was clarified by Randel and Park (2006) . Vernier et al. (2011) reported that a persistent aerosol layer was found to be confined within the anticyclone from June to August by satellite-borne lidar (CALIOP) observation, and they called it the Asian tropopause aerosol layer (ATAL). The ATAL extended from the eastern Mediterranean to western China and vertically from 13 to 18 km. The particles in the ATAL are considered spherical because the depolarization of ATAL is small (5%). However, Vernier et al. (2011) suggested that these particles could be very small mineral dust particles. The result of our study suggests that the Taklimakan dust is transported to the upper troposphere, is confined within the Asian summer anticyclone, and may contribute to some extent to the formation of ATAL.
Conclusions
In this study, a numerical simulation using a global aerosol model was conducted to investigate the characteristics of the vertical transport of dust aerosols from the Taklimakan desert. Dust aerosols from the TAKLIMAKAN region are vertically transported to the upper troposphere from March to September. The vertical transport of the dust occurred intermittently and frequently, approximately 12 times per year. At the upper troposphere, the simulated TAKLIMAKAN dust concentration was higher than the GOBI dust concentration. This result suggests that the dust from the Taklimakan desert tends to be elevated to a higher layer than that from the Gobi desert, which forms a multi-layered vertical structure of dust aerosol.
A comparison of the dust concentration with and without convective transport suggests that the simulated dust from the Taklimakan desert was mainly transported by large-scale advection from spring to early summer, and that the moist convective transport enhanced the elevation of dust to the upper troposphere in summer. The results suggest that the elevated dust transport events are not special cases and that the Taklimakan desert provides dust aerosols intermittently and frequently to the upper troposphere. It is also suggested that the Taklimakan dust is trapped in the Asian summer anticyclone and partly contributes to the formation of the Asian tropopause aerosol layer.
Uncertainties remain in the simulated results. The model's grid resolution of approximately 1.125° may not be sufficient to express the local circulation caused by the steep bounding topography around the Taklimakan desert, even though it is quite high for the global aerosol model. Because of the limitation of the model's resolution, the dust emission mechanism and the regional inhomogeneity of surface properties may not be sufficiently expressed. The convective transport process is regarded as the primary source of uncertainty in the atmospheric transport process. The results of this study are based only on a five-year simulation, which may not be sufficient to obtain the climatological state, for which more long-term integrations may be necessary. It is also necessary to investigate the year-to-year variability of the dust. Future research should include statistical validations of the elevat- Figure S1 . Global distribution of the annually averaged (a) simulated dust emission flux and (b) simulated dust loading. Figure S2 . Seasonal variation of the horizontal distribution of the monthly averaged dust concentration at 100 hPa from TAK-LIMAKAN (western than 95°E of China and Mongolia), GOBI (eastern of 95°E of China and Mongolia), and the other regions.
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